Gulde, R., Helbling, D. E., Scheidegger, A., & Fenner, K. (2014). pH-dependent biotransformation of ionizable organic micropollutants in activated sludge. Environmental Science and Technology, 48(23), 13760-13768. https:// doi.org/10.1021/es5037139 Removal of micropollutants (MPs) during activated sludge treatment can mainly be 3 attributed to biotransformation and sorption to sludge flocs, whereby the latter process is 4 known to be minor for polar organic micropollutants. In this work, we investigated the 5 influence of pH on the biotransformation of MPs with cationic-neutral speciation in an 6 activated sludge microbial community. We performed batch biotransformation, sorption 7 control, and abiotic control experiments for 15 MPs with cationic-neutral speciation, one 8 control MP with neutral-anionic speciation, and two neutral MPs at pHs 6, 7, and 8. Biotransformation rate constants corrected for sorption and abiotic processes were esti- 
Introduction

23
sorption as well as biotransformation, both processes could potentially lead to pH-dependent 48 removal.
49
pH-dependent sorption of organic MPs to activated sludge was studied previously for MPs 50 with neutral-anionic speciation.
9,10 For these MPs, a decrease in sorption affinity was observed 51 at higher pH levels where the fraction of anionic species is increased. The surface of activated 52 sludge flocs is predominantly negatively charged. 12 As a result, it is assumed that the sorption used to explain observations of pH-dependent toxicity of ionizable compounds, for which it was shown that toxicity typically increases under pH conditions where the majority of the compound 85 is present as neutral species. 
95
(2010) interpreted sorption as a necessary first step in the biotransformation process. Thus, they 96 seemed to suggest that close proximity to the cells and subsequently, enhanced uptake into the 97 cells explains the observed pH-dependence.
98
The difficulty in investigating the underlying mechanism of pH-dependent removal of MPs
99
with neutral-anionic speciation is that the pH-dependence of sorption and the pH-dependence 100 of permeation through the cell membrane are aligned; namely, both processes show increasing 101 efficiencies at lower pH levels. In this study, we focused on MPs with cationic-neutral specia-102 tion instead for two reasons. First, to our knowledge, the effect of varying pH on the removal 103 of these MPs has not been explored so far. Second, the expected different effects of pH on 104 sorption and biotransformation of compounds with cationic-neutral speciation might help to dis-105 tinguish the contribution of these two processes on pH-dependent removal of ionizable MPs in 106 general. The goal of our research was to gain a more mechanistic understanding of the effect pK a of seven of these MPs was in the usual range for aliphatic amines between 9.1 and 10.0
126
(atenolol, mexiletine, pheniramine, primaquine, pyrilamine, propranolol, and venlafaxine). The 127 other eight amines were selected to exhibit a lower pK a in the range between 6.9 and 8.4 (1-
128
(3-chlorophenyl)piperazine, deprenyl, lidocaine, mianserin, nicotine, orphenadrine, pargyline, and 129 pramoxine). The MP with neutral-anionic speciation is trinexapac-ethyl. The two neutral MPs,
130
azoxystrobin and isoproturon, were selected to control for direct effects of pH changes on the 131 viability, structure, and sorption capacity of the activated sludge. MPs were purchased from Dr.
132
Ehrenstorfer GmbH (Augsburg, Germany), Sigma-Aldrich Chemie GmbH (Buchs, Switzerland),
133
Lipomed AG (Arlesheim, Switzerland), and Toronto Research Chemicals (Toronto, Canada). 
134
Biotransformation Test System
135
The experimental set-up for the biotransformation batch experiments was adopted from Helbling the results are given in Chapter S1 in the SI.
176
The SEs and AEs were processed in the same way as the BEs except for the following: For the 
where 
with the fraction f aq defined as
where C t is the total concentration of the compound.
214
Because various sources of uncertainty had to be taken into account while estimating the 
where the index e∈ {BE, AE} distinguishes biotransformation and abiotic control experiments, 220 p∈ 6, 7, 8 distinguishes the three pH-levels, and r∈ 1, 2, 3 the three replicates. values were used, labeled as pH6, pH7, and pH8 (see Chapter S1 in the SI for more details). The 237 oxygen uptake rates measured on the first day of the experiments at pH6, pH7, and pH8, were pH may have directly affected the activity of at least some members of the microbial community.
241
A strong reduction in activity below 6.7 is, for instance, well-described for nitrifying bacteria. MPs.
246
Concentration Time Series and Kinetic Parameter Estimation
247
The concentration time series from the AEs, SEs, and BEs at the three different pH levels, as concentration values from the measured ones, which is discussed in chapter S4.1 in the SI .
264
The kinetic parameter estimation yielded median, 5%, and 95% percentile values for k bio and
265
K d , which are illustrated for all MPs in Figure 2 and are listed in Tables S8 and S9 in the SI,   266 respectively. k a values are given in Table S10 in the SI.
267
As can be seen from Figure 2a , k bio values increased with increasing pH for cationic-neutral
268
MPs, except for mianserin and nicotine, and decreased with increasing pH for the neutral-anionic 269 compound trinexapac-ethyl. For a more precise assessment, we defined the effect of pH as 270 significant if the probability for an increase in k bio between adjacent values for cationic-neutral
271
MPs or a decrease in k bio between adjacent values for anionic-neutral MPs was greater than 97%.
272
For neutral MPs both possibilities were tested to assess significance. In Figure 2a , significant 273 differences in k bio between adjacent pH levels are marked with asterisks. In total, the effect of pH of the neutral fraction in the bulk phase, f n ,and the internal biotransformation rate constant, k int 296 as described in equation 6 for MPs with cationic-neutral speciation (an analogous calculation was 297 done for the neutral-anionic MP).
To compare this simple speciation model against our measured data, we examined the ra-299 tios of k bio values measured at pH7 and pH8 since they are independent of the actual internal 300 biotransformation rate constant (equation 7). Experimental ratio
Figure 3: Ratios between the biotransformation rate constants (k bio ) at pH8 and at pH7 as determined experimentally and predicted for all micropollutants (MPs). The predictions were based on the assumption that only the neutral fraction in the bulk aqueous phase permeates through cell membranes and is therefore biotransformed. The dashed lines separate MPs with k bio values that are decreasing (ratios<1) and increasing (ratios>1) from pH7 to pH8. The 1:1-line indicates a perfect match between the predicted and experimental ratios. The error bars represent the 90% credibility intervals of the ratios. The credibility intervals of the five labeled MPs (PRA, MIA, NIC, PRI, ATE) do not overlap with the 1:1-line.
302
represent the 90% credibility intervals, which were calculated for the predicted ratios by Monte model. Pramoxine possesses a comparably small pK a value of 7.1 and is therefore already partially 316 neutral at pH7. Thus, a rather small increase in k bio from pH7 to pH8 was expected. However,
317
the measured increase was one of the largest and no obvious explanation was found for this 
323
In other words, the predicted increase in the MPs' degree of speciation in the bulk aqueous 324 phase was more than the observed pH-dependence of the rate constants. Furthermore, when 325 analyzing the relative difference between the predicted and observed ratio of k bio at pH7 and 326 pH8 as a function of pK a (see Figure S9 in the SI), we observe increasing relative differences 327 with increasing pK a . This suggests that, most likely, the contribution of the ionic species to the 328 observed k bio values is underestimated by the simple speciation model. A similar attenuation of 329 the observed effect compared to the degree of speciation has also been observed in other studies 330 investigating the uptake of ionizable compounds into cells.
40-42 331
Thus, the simple speciation model seems to neglect some relevant mechanisms. We ac-
332
knowledge that some of the assumptions in our speciation model are rather simplistic and the 333 mechanisms are known to be more complex. Specifically, with respect to assumption ii), charged compounds are also known to permeate cell membranes, but to a lesser extent than the neutral 335 species. 23 As to assumption iii), it is discussed that prior to diffusion through the membrane 336 molecules have to diffuse through an unstirred water layer; this step may be part of the rate-337 determining step and may be similarly fast for neutral and charged species. 40 Regarding assump-338 tion iv), the transformation within the cell might not be fully independent of the external pH.
339
While all of these mechanisms can attenuate the effect of a MP's degree of speciation on its 340 biotransformation, our data are currently not sufficient to determine which of these processes 341 occur and how much they contribute.
342
Interpretation of Sorption Coefficients
343
Although the SEs were designed as controls to correct the k bio values for sorption, we also used does not differ considerably from that of their corresponding neutral species.
356
A similar observation was also made by Droge and Goss, who examined the effect of pH on 
